Bar-built or barrier estuaries (here referred to as Small tidal inlets, or STIs), which are commonly found along wave-dominated, microtidal mainland coasts, are highly likely to be affected by climate change (CC). Due to their pre-dominance in tropical and sub-tropical regions of the world, many STIs are located in developing countries, where STI related activities contribute significantly to the national GDPs while community resilience to coastal changes is low, with the corollary that CC impacts on STIs may lead to very serious socio-economic consequences. While assessing CC impacts on tidal inlets is in general difficult due to inherent limitations of contemporary numerical models where long term morphodynamic simulations are concerned, these difficulties are further exacerbated due to the lack of sufficient model input/verification data in often data poor developing country STI environs. As a solution to this problem, Duong et al. (2016) Results show that Type 1 and Type 3 inlets will not change Type even under the most extreme CC driven variations in system forcing considered here. Type 2 inlets may change into Type 1 when CC results in a reduction in annual longshore sediment transport. Apart from Type changes, CC will affect the level of inlet stability and some key behavioural characteristics (e.g. inlet migration distances, inlet closure times). In general, CC driven variations in annual longshore sediment transport rates appear to be more relevant for future changes in inlet stability and behaviour, rather than sea level rise as commonly believed. Based on model results, an inlet classification scheme which, for the first time, links inlet Type with the Bruun inlet stability criteria is presented.
Introduction
Tidal inlets are a common geomorphic feature throughout the world. These inlets and adjacent coasts are morphologically very dynamic with complex feedbacks between system forcing and response (Carter and Woodroffe, 1994) . The highly dynamic spatial and temporal variations in system characteristics have for decades generated great scientific interest (Bruun, 1978; Aubrey and Weishar, 1988; Prandle, 1992; Ranasinghe et al., 1999 Ranasinghe et al., , 2013 FitzGerald et al., 2008; Bertin et al., 2009; Dissanayake et al., 2012; Nahon et al., 2012; Zhou et al., 2014; Duong et al., 2016) .
This study focusses on bar-built or barrier estuaries (hydrological origin inlets), one of the 3 main types of inlets identified by Bruun and Gerritsen (1960) . This type of systems are commonly found in wavedominated, microtidal mainland coasts comprising about 50% of the world's coastline (Ranasinghe et al., 2013) . Unlike the other two types of inlet systems (i.e. geological origin inlets and barrier island inlets), these systems generally have little or no intertidal flats, backwater marshes or ebb tidal deltas, and their sea-side barrier is usually a sand spit that is connected to the mainland; which is very different to a barrier island where the barrier is completely separated from the mainland by a laterally unbounded 'lagoon'. Thousands of these relatively small bar-built/barrier estuaries (hereafter referred to as Small Tidal Inlets or STIs for convenience) can be found in tropical and sub-tropical regions (e.g. India, Sri Lanka, Vietnam, Florida (USA)), and South America (Brazil), South Africa, and SW/SE Australia). STIs are often characterised by narrow (< 500 m wide) inlet channels, shallow (average depth < 10 m) estuaries/lagoons that are < 50 km 2 in surface area (Duong et al., 2016) . Based on the general morphodynamic behaviour of the inlet, STIs can be broadly classified into 3 main categories as:
-Permanently open, locationally stable inlets (Type 1) .
-Permanently open, alongshore migrating inlets (Type 2).
-Seasonally/Intermittently open, locationally stable inlets (Type 3). The inlet condition, or the stability of the inlet (i.e. open, close, migrating) governs the dynamics of the estuary/lagoon connected to the inlet and the adjacent coastline. Therefore, inlet stability is a key diagnostic for investigating potential CC impacts on STIs. The stability of STIs is essentially governed by the nearshore sediment transport in the vicinity of the inlet and flow through the inlet (tidal prism and riverflow). The general term of 'inlet stability' can mean either locational stability or channel cross-sectional stability. Locationally stable inlets are those that stay fixed in one location, but may stay open (i.e. locationally and cross-sectionally stable inlets -Type 1) or close intermittently/seasonally (i.e. locationally stable but cross-sectionally unstable inlets -Type 3). Cross-sectionally stable inlets are those in which the inlet dimensions will remain mostly constant over time. However, cross-sectionally stable inlets may migrate alongshore (i.e. cross-sectionally stable but locationally unstable -Type 2).
STIs usually experience a strong seasonal cycle in system forcing comprising high and low riverflow/wave energy seasons (monsoon/ non-monsoon or winter/summer) due to their pre-dominance in tropical and sub-tropical regions. STIs located in monsoonal environments may also experience a strong annual signal in wave direction. As a result of their common occurrence in the tropical and sub-tropical regions, most STIs are located in developing countries, where system data is generally sparse (i.e. data poor environments) and community resilience to coastal changes is low. On the other hand, STIs and their immediate surrounds, especially in developing countries, host a number of economic activities (and thousands of associated livelihoods) such as inland fisheries (e.g. prawn farming), harbouring sea going fishing vessels, tourist hotels and tourism associated recreational activities, all of which contribute significantly to the national GDPs. Therefore, any potential climate change (CC) impacts on STIs may lead to very serious socio-economic and environmental consequences.
CC is likely to affect mean sea level (i.e. Sea level rise -SLR), waves and riverflows, all of which are processes that govern STI behaviour. Changes in such system forcing may result in severe negative physical impacts such as the decrease of inlet stability, erosion of open coast beaches adjacent to the inlet and/or estuary margin shorelines, permanent or frequent inundation of low lying areas on estuary margins, eutrophication, and toxic algal blooms etc. Reliable assessment of CC impacts on STIs is therefore a per-requisite for avoiding any socioeconomic and/or environmental losses arising thereof. However, assessing CC impacts on tidal inlets is a very difficult task even in data rich environments due to inherent limitations of contemporary numerical models and the long time scales associated with such impact assessments (Ranasinghe and Stive, 2009; Dissanayake et al., 2012; Dodet et al., 2013) . In generally data poor STI environs, these difficulties are further exacerbated due to the lack of sufficient data for model initialisation and validation.
To investigate CC impacts on STIs, ideally, a process based coastal area morphodynamic model forced with time varying water levels, waves and riverflow needs to be implemented for 50-100 years, depending on the planning horizon. However, to date, attempts to undertake coastal area morphodynamic simulations with concurrent tide, wave and riverflow forcing exceeding a few years have been unsuccessful (Lesser, 2009) . The longest reported morphodynamic simulations of wave-dominated inlets that have resulted in realistic results have only spanned a few months (Ranasinghe et al., 1999; Bertin et al., 2009; Bruneau et al., 2011) . As a practical solution to this problem, Duong et al. (2016) proposed an approach where strategic 'snap-shot' simulations maybe undertaken with a process based coastal area model as an alternative means of gaining insights on how CC may affect inlet stability. This article and the companion article demonstrate the application of the process based snap-shot modelling approaches proposed by Duong et al. (2016) for data poor and data rich environments respectively. The approaches are applied to 3 case study sites representing the 3 main STI types described above: Negombo lagoon (Type 1); Kalutara lagoon (Type 2); and Maha Oya river (Type 3); all of which are located along the South west coast of Sri Lanka. Reviews of accessible published literature and a Google Earth survey indicated that the system dimensions and main system forcing relationships at these 3 case study sites are comparable with those at other STIs (per STI Type) around the world. Therefore, while there will inevitably be exceptions, it is anticipated that the conclusions drawn from this study are generally applicable to STIs around the world.
Methodology
The process based 'snap-shot' modelling approach adopted here is described in detail by Duong et al. (2016) and therefore only a summary description is given below.
The rationale underlying the 'snap-shot' modelling approach is to first 'validate' a 2DH morphodynamic model to reproduce the main observed contemporary system morphodynamic characteristics (e.g. seasonal/intermittent closure; permanent open state; or alongshore migration) and subsequently to use the validated model with CC modified forcing to obtain projections of future system behaviour. When applying this approach in data poor environments however, some simplifications and approximations need to be made, particularly to circumnavigate the lack of good system bathymetry data and future downscaled forcing from Regional climate models. The approach proposed by Duong et al. (2016) for data poor environments is illustrated in Fig. 1 . As a bare minimum, this approach requires at least some reasonable estimates of contemporary monthly averaged riverflows and wave conditions.
Schematised bathymetry
In data poor situations, a simplified schematised bathymetry may be used to represent the real system bathymetry. Among others, Marciano et al. (2005) , Dastgheib et al. (2008) , Nahon et al. (2012) , Bruneau et al. (2011 ), Dissanayake et al. (2012 ), van Maanen et al. (2013 , Zhou et al. (2014) , and Nienhuis et al. (2016) have successfully adopted this approach over the last decade or so to investigate inlet morphodynamics of different coastal inlet systems at various time scales. Taking these previous studies as a guide, an STI system bathymetry could be schematised by a rectangular flat-bed estuary/lagoon connected to the ocean through a straight channel. Spot-measurements, available literature, local knowledge and Google Earth may be used to determine key dimensions of the schematised bathymetry such that it represents the corresponding natural system as closely as possible. The ocean side of the schematised bathymetry could consist of shore-parallel depth contours, which follow a Dean's equilibrium profile (appropriate for the local median sediment diameter) in the cross-shore direction. Riverflow may be introduced to the estuary/lagoon based on Google Earth or Satellite images of the natural system.
CC modified forcing
As downscaled future forcings are generally not available in data poor environments, future CC modified forcing have to be taken from the freely available sources. Future SLR and riverflows may be obtained directly from IPCC (2013). Future changes in wave forcing may be obtained from the ensemble global downscaling results presented by Hemer et al. (2013) . These freely available global scale future projections provide estimates of future changes in system forcing as area averaged % increases/decreases relative to the present.
Morphodynamic validation
Prior to undertaking CC impact assessment model simulations, the adopted coastal morphodynamic model needs to be at least qualitatively validated against observed present behaviour of the STI. To achieve this, the model can be initialised with the above described schematised bathymetry and forced with harmonic tidal forcing (e.g. an M2 harmonic with approximate tidal amplitude in the study area) and monthly averaged time series of waves and of riverflow. This validation simulation (i.e. Present Simulation -PS) should continue for at least one year in order to capture the annual cycles of riverflow and wave conditions, or when the STI is a seasonally/intermittently closing inlet, until the inlet closes. Model results may then be qualitatively validated using any available aerial/satellite images of the study area and also compared with empirical relationships such as the A-P relationship (O'Brien, 1931) , Escoffier curve, and Bruun inlet stability criteria (please see Duong et al. (2016) for a summary description of these empirical relationships).
Climate change impact projections
CC snap-shot simulations may then be undertaken with the validated model. These CC simulations should also be undertaken for the same duration as the PS (unless in the case of seasonally or intermittently open inlets, where the simulation needs to continue till inlet closure occurs). Before commencing the CC snap-shot simulations, it should be ensured that the flat bed bathymetry used in the PS is adjusted to account for the important process of SLR driven basin infilling which takes place continuously when there is a change in Mean Sea Level (MSL). This process occurs when SLR increases the estuary/lagoon (or basin) volume below mean water level (i.e. 'accommodation space'). In this situation, the basin will import sediment from offshore to raise the basin bed level such that the pre-SLR basin volume is maintained. This is because the basin always strives to maintain an equilibrium volume. The basin will reach equilibrium when a sand volume equal to the SLR induced additional accommodation space (SLR × surface area of basin) is imported. However, due to the time scale disparity between hydrodynamic forcing and morphological response, in most situations there will be a lag between the rate of SLR and basin infilling (Stive et al., 1998) . For STIs, this lag has been shown to be about 0.5 (Ranasinghe et al., 2013) , implying that the basin infill volume by the end of the 21st century is equal to half of the SLR driven increase in accommodation space over the same period. Therefore, due to the flat bed of the initial bathymetry, the long-term process of basin infilling can be accommodated in the CC snap-shot simulations by simply raising the estuary/lagoon bed level by approximately half the SLR amount.
Implementation

Study areas
Sri Lanka is an island nation of about 65,610 km 2 area located in the Indian Ocean, Southeast of India (Fig. 2) . The country has a tropical monsoon climate, with 2 monsoon seasons; the Northeast (NE) monsoon from November-February and the Southwest (SW) monsoon from May-September. About one third of the total annual rainfall occurs between October and December (Zubair and Chandimala, 2006) . The coastal environment of Sri Lanka is wave dominated (average offshore significant wave height of 1.12 m) and micro-tidal (mean tidal range of approximately 0.5 m). The SW coast of Sri Lanka generally experiences the most energetic wave conditions during the SW monsoon when offshore significant wave heights are between 1 and 2 m and mean wave direction is from the SW-W octant. The beaches around the country are composed of quartz sand with grain diameters (D 50 ) varying between 0.2 and 0.45 mm.
Negombo lagoon
Negombo lagoon (Fig. 3, left) is located about 30 km North of the capital Colombo and is connected to the ocean via a permanently open, relatively wide (400 m), short (300 m) and shallow (3 m) inlet which is locationally stable. The lagoon has a surface area of around 45 km 2 and the average depth is approximately 1 m. The net annual longshore sediment transport rate in the vicinity of the inlet is insignificant (Chandramohan and Nayak, 1990) . This is due to the sheltering effect provided by the offshore reef to the west of the inlet. The sediment on the coast adjacent to the inlet has a D 50 of 0.25 mm. The majority of the catchment of the Negombo lagoon is located in the SW of the country and therefore most of the riverflow into the lagoon occurs during the SW monsoon. Dandugam Oya, Ja Ela and several streams from Muthurajawela flow into the lagoon with a combined average annual riverflow volume that varies from almost 0 m 
Kalutara lagoon
Kalutara lagoon is located about 40 km South of Colombo (Fig. 3 , middle). The Kalu River, with the second highest annual riverflow volume (~7,500 million m 3 /year) in the country, discharges into the ocean via this lagoon. The lagoon is connected to the ocean via a permanently open, alongshore migrating inlet with average width 150 m, length 150 m and depth 4.5 m. Historically, the longshore migration of the Kalutara lagoon inlet comprised a 3-4 year cycle during which the inlet migrated about 2 km to the south (~500 m/year southerly migration) before a new, more hydraulically efficient inlet was either naturally or artificially created at the northern end of the lagoon barrier (Perera, 1993) . The lagoon has a surface area of only around 2 km 2 and T.M. Duong et al. Marine Geology 390 (2017) 331-346 the average depth is approximately 3 m. The net longshore sediment transport rate in the area is about 0.5 million m 3 /year to the south (GTZ, 1994) . The sediment on the coast adjacent to the inlet has a D 50 of 0.25 mm. The catchment of the Kalu river is the 2 nd largest in the country (2,766 km 2 ) and it receives rainfall from both the SW and NE monsoons, resulting in river discharges that are consistently higher than 100 m 3 /s throughout the year (with peaks exceeding 300 m 3 /s in June and October).
Maha Oya river
Maha Oya inlet ( 
Schematized bathymetries
Schematized flat bed bathymetries were created for the 3 systems based on site descriptions in published literature, Google Earth images and input from local experts. The key system dimensions thus gleaned and used in creating the schematized bathymetries (Fig. 4 ) are shown in Table 1 . The nearshore zone was configured such that it consisted shore parallel depth contours that follow a Dean's equilibrium profile in the cross-shore direction corresponding with the reported D 50 for the area (also given in Table 1 ) down to 10 m depth. Model grids for the 3 systems were generated using custom made Matlab routines which ensured that grid spacing in both cross-shore and alongshore directions were optimal for Delft3D computations introduced in Sections 3.5 and 3.6. 
Bed level (m)
A
Schematized forcing
The mean ocean tidal range for all 3 systems (which are located along a single coastal stretch not exceeding 100 km) was taken as 0.5 m based on published values (Wijeratne, 2002; University of Moratuwa, 2003) . Time series of monthly averaged riverflow were constructed for the 3 systems (Fig. 5 , top row) based on available sparse data and local publications. Wave conditions at 10 m depth for each case study site were extracted from a regional SWAN model extending along the SW coast of Sri Lanka from Galle to Puttalam (see Fig. 2 for locations) and monthly averaged wave time series were constructed for model forcing (Fig. 5 , middle and bottom rows). Comparison of hourly and monthly averaged conditions at Colombo showed that monthly averaged values do not significantly under or over represent actual wave conditions. Note that while most of the waves at 10 m depth are < 270°at Maha Oya (with respect to the coordinate system adopted in the schematized bathymetries), all waves are > 270°at Kalutara. This is due to wave refraction over a large canyon located slightly North of Kalutara. At Negombo, waves are more or less shore normal at 10 m depth. This is because all waves from the SW sector (pre-dominant offshore wave direction) are completely diffracted by an offshore low crested (and in places emergent) reef and subsequently sharply refracted to the nearshore to result in almost shore normal nearshore waves throughout the year.
Process based model
The process based model Delft3D was extensively used in this study. Delft3D seamlessly combines a short wave driver (SWAN), a 2DH flow module, a sediment transport model (van Rijn, 1993) , and a bed level update scheme that solves the 2D sediment continuity equation. To accelerate morphodynamic computations, Delft3D adopts the MORFAC approach (Roelvink, 2006; Ranasinghe et al., 2011) . This approach exploits the fact that time scales associated with bed level changes are generally much greater than those associated with hydrodynamic forcing by essentially multiplying the bed levels computed after each hydrodynamic time step by a time varying or constant factor (MORFAC) to enable much faster computation. The significantly upscaled new bathymetry is then used in the next hydrodynamic step. The model is fully described by Lesser et al. (2004) and is therefore not described any further here. The model structure is shown in Fig. 6 .
To avoid boundary instabilities affecting the area of interest (i.e. the inlet entrance), the flow computational domains were constructed such that they extended 5 km alongshore either side of the inlet for all 3 study areas. Wave domains were created larger than flow domains to avoid any wave shadowing effect at lateral boundaries.
To ensure that key physical processes in the vicinity of the inlet entrance and channel were accurately resolved by the model, high resolution (~10 m × 10 m) grid cells were used in the (approximate) surf zone and inlet channel for all 3 study areas. Riverflow was introduced as a single (Kalutara, Maha Oya) or combined (Negombo) flow discharge at the landward boundary of the domain. Following over 50 sensitivity tests with the 3 cases, the values shown in Table 2 were adopted for key model parameters in all model simulations described herein.
Morphodynamic model validation
For each schematized system, first a Delft3D simulation was undertaken with the above described contemporary forcing (i.e. 'Present simulation' -PS). Tidal forcing was introduced at the offshore boundary as a harmonic water level boundary with 0.25 m amplitude and a 12 h period, representing the average semi-diurnal tidal condition in the case study areas. Riverflow and wave forcing followed the monthly averaged time series shown in Fig. 5 above. Given the monthly time step of wave and riverflow forcing in the PS, a MORFAC of 30 was used in all simulations, thus representing (approximately) one year of morphological evolution by 12 days of hydrodynamic forcing (or 24 tidal cycles). The sensitivity of model predictions to the MORFAC value adopted was tested by re-executing the simulation with MORFACs of 15, 5 and 1 (with appropriate changes in the forcing time series and wave-flow coupling time). Only marginal differences were observed among the morphodynamic predictions of the test simulations, indicating a MORFAC of 30 could be confidently used for the simulations presented herein. Validation simulations for Type 1 and Type 2 systems were undertaken for one year to represent the annual cycle of riverflow (high/low seasons) and wave conditions (monsoon/non-monsoon periods) while the Type 3 system simulation was continued only until inlet closure occurred.
The target of this PS is to gain confidence in the model's ability to simulate system morphodynamics by reproducing the general contemporary morphodynamic behaviour (e.g. close/open, and locationally stable/migrating) of the system. To this end, model results were first qualitatively validated using available aerial/satellite images of the study areas by comparing the general observed and modelled morphodynamic behaviour of the systems. Secondly, model results were compared against several empirical relationships such as the A-P relationship (O'Brien, 1931; Jarrett, 1976) , Escoffier curve, and Bruun inlet stability criteria where possible. For these comparisons, it is necessary to extract information regarding inlet cross-section area (A), the tidal prism (P), maximum inlet current velocity (V max ), and annual longshore sediment transport rates (M). In the case studies selected here, riverflow is non-trivial, and therefore enhances the ebb tidal prism (due to the tide effect only) which is one of the two processes that govern the main diagnostic of this study, inlet stability. For convenience, therefore, all references tidal prism (P) hereon refer to the flow volume through the inlet during ebb due to the combined effect of tides and riverflow. The ways in which A, P, V max and M were extracted from the model output are briefly described below.
For each case, cross-sections were pre-defined at every grid line (~10 m spacing) across the inlet channel to extract and store water levels, velocities and discharges every 10 min (user defined output interval), which were subsequently used to calculate inlet cross-section area, tidal prism and inlet velocity. Similarly, cross-shore sections were pre-defined along the coast to calculate longshore sediment transport rates.
To calculate the A-P relation, the minimum inlet cross-section area is required. Therefore, using the 10 min output extracted along the inlet cross-sections, the minimum inlet cross-section area A (below MWL) was determined for each tidal cycle. Tidal prism P was estimated at each cross-section by calculating the difference between consecutive cumulative discharge peaks and troughs. It should be noted that cumulative discharge is calculated internally by the model at every hydrodynamic time step (6 s in this case) and then output at the pre-defined output interval (10 min in this case) (Note: this provides a more accurate estimate of tidal prism than when using instantaneous discharge values obtained at the output interval). As expected, the tidal prism thus calculated was spatially invariant along the inlet. The P and minimum A values per tidal cycle were then used along with appropriate C and n coefficient values for unjettied inlets specified by Jarrett (1976) to investigate inlet stability with respect to the A-P relationship.
The Escoffier curve requires the maximum flow velocity V max in the inlet channel and the inlet cross-sectional flow area at the corresponding location. Comparison of maximum inlet velocities at the various pre-defined inlet cross-sections indicated that, in general, the maximum flow velocity occurred at the cross-section at the middle of Table 3 The Bruun criteria for inlet stability.
= r P M tot
Inlet stability condition > 150
Good -predominantly tidal flow by-passers; entrance with little or no ocean bar outside gorge and good flushing 100-150
Fair -mix of bar-by-passing and flow-by-passing; entrance has low ocean bars, navigation problems usually minor 50-100
Fair to poor -inlet is typically bar-by-passing and unstable; entrance with wider and higher ocean bars, increasing navigation problems < 50
Poor -inlet becomes unstable with non-permanent overflow channels; entrance with wide and shallow ocean bars, navigation difficult < 20
The entrances become unstable "overflow channels" rather than permanent inlets T.M. Duong et al. Marine Geology 390 (2017) 331-346 the inlet channel. Therefore maximum instantaneous cross-sectionally averaged velocity per tidal cycle at the mid-inlet section was plotted against the cross-section area of the same inlet cross-section at the end of each tidal cycle to investigate inlet stability with respect to the Escoffier hydraulic stability curve. To calculate the Bruun stability criterion (Table 3) , apart from the tidal prism P (which was calculated in exactly the same way as above for the A-P relationship), the ambient annual longshore sediment transport (LST) volume M is also required. In the model, the ambient LST rate will be affected by the tidal inlet as well as by the lateral boundaries of the model. Therefore it is important that this quantity be assessed sufficiently updrift of the inlet as well as sufficiently far from the updrift model boundary. To ascertain the optimal alongshore location of the cross-shore section over which M should be calculated, up to 10 cross-sections were pre-defined either side of the inlet, while ensuring that the cross-sections were long enough to always capture the full surf zone. The optimally located cross-shore section for ambient LST estimates was identified by carefully comparing the modelled LST rates 
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across these cross-shore sections. The annual ambient LST across the optimal cross-shore section (M) was then combined with P to calculate the Bruun criterion for inlet stability r = P/M. This resulted in a time series of r which was averaged to obtain the annual representative r indicative of the general stability condition of the inlet.
Climate change impact simulations
In each system, the validated model was then implemented via CC impact snap-shot simulations to investigate future CC impacts on the system. These simulations were also undertaken for the same duration as the corresponding PS, or until inlet closure occurred.
The forcings for the CC simulations were derived from freely available, albeit coarse resolution sources as relevant for the study areas. The adopted worst case CC driven variations in MWL (i.e. SLR), wave conditions and riverflows are shown in Table 4 , together with the sources from which these values were extracted. As discussed in Section 2, due to the initial flat bed bathymetry of the schematized systems, the process of basin infilling was taken into account in all CC simulations forced with SLR by raising the initial lagoon bed levels by 50% of the SLR (by 2100). Eight (8) CC simulations were undertaken for each system to investigate the impact of CC modified key physical processes (e.g. LST, P) on STI stability. (Fig. 7) . Starting from the schematized flat bed bathymetry (Fig. 8, top left) , the model correctly reproduces the locationally and cross-sectionally stable inlet behaviour seen in the satellite images. Some ebb and flood delta development is shown in the model result after 1 year. This is not unexpected as the initial flat bed bathymetry has to adjust to system forcing. The modelled annual longshore sediment transport along the coastline is relatively small at 50,000 m 3 /year and in agreement with reported values (Chandramohan and Nayak, 1990) . Model results also agree well with the empirical A-P equilibrium relationship (Fig. 9, left) and the Escoffier curve (Fig. 9, right) . The modelled A and P values (per tidal cycle) lie well within the 95% confidence intervals and very close to the expected value line of the A-P relation for unjettied inlets presented by Jarrett (1976) . Similarly, the modelled maximum inlet velocity and A values (per tidal cycle) lie around the stable root of the Escoffier curve generated for this case study. The Bruun criterion (r) value calculated using model derived P and M values is 233 (> 150), which also indicates a very stable inlet according to the Bruun stability criteria shown in Table 3 .
A more quantitative way to track inlet and adjacent coastline change during the 1 year simulation is to produce a 'time stack' plot of the modelled zero elevation (i.e. interception between land and Mean Water Level (MWL)) contour. However, while Delft3D (and other similar coastal area models) is good at simulating bed level changes below MWL, it has some difficulty in simulating changes in the MWL contour itself. A good proxy for the coastline can however be found in the Momentary coastline (or in Dutch, Momentary Kustlijn -MKL) philosophy (van Koningsveld and Mulder, 2004) . In this concept, the 'coastline' position is defined as a function of the sand volume in the nearshore zone, and calculated along individual cross-shore profiles based on the volume of sand per unit alongshore length between two pre-defined, stable horizontal planes which are located above and below MLW and bounded by a fixed vertical landward boundary. The way in which this concept was used to calculate the MKL in the present study is illustrated in Fig. 10 T.M. Duong et al. Marine Geology 390 (2017) 331-346 obtained (Fig. 11, left) shows that the model correctly reproduces a locationally and cross-sectionally stable inlet (after some initial widening of the inlet while the schematized bathymetry adjusts itself to the abruptly introduced forcing conditions). Fig. 11 (right) shows the spatio-temporal evolution of the change in MKL relative to the initial MKL (i.e. Δ MKL), which re-confirms the modelled locationally and cross-sectionally stable inlet. Some accretion (positive Δ MKL) is shown on both sides of the inlet, which is to be expected at this case study site because the wave directions alternate around the shore normal through the year.
Type 2 -
Permanently open, alongshore migrating inlet (case study: Kalutara lagoon) Satellite images of the Kalutara lagoon show that inlet has historically migrated about 2 km southward in 3-4 years (annual migration of 500 m). Once the inlet reaches the southernmost point of the lagoon, a new, more hydraulically efficient inlet has traditionally been naturally or artificially created at the northern end of the lagoon, and the migration cycle then repeats (Fig. 12) . The PS for Kalutara inlet correctly reproduces the locationally unstable and cross-sectionally stable inlet behaviour seen in the satellite images (Fig. 13) . The modelled annual longshore sediment transport is 450,000 m 3 to the south while the migration rate is about 600 m/year to the south, both of which are in agreement with reported values (GTZ, 1994; Perera, 1993) .
The alongshore inlet migration distance (L) and speed (V i ) during the validation simulation are shown in Fig. 14 . Here, L = 0 denotes the original position of the inlet, and L < 0 indicates southward inlet migration. Inlet migration is high during the SW monsoon when higher waves are present and very small to non-existent during the rest of the year. The southward migration of the inlet is driven by higher southward LST during the SW monsoon (up to~2,700 m 3 /day). Although the deepwater waves are southerly during the SW monsoon, the combined effect of wave refraction over the large canyon near Kalutara and the coastline orientation of~20°(anticlockwise from North) in the area results in a southward longshore transport.
As in the Type 1 inlet case above, model results are in good agreement with the A-P relationship (for unjettied inlets, Jarrett (1976) (Fig. 15) , consistent with the fact that, although this inlet is locationally unstable, it is still cross-sectionally stable, which is the only type of stability that the A-P relationship refers to. A traditional Escoffier type curve cannot be constructed for this case as system dimensions fall below its limits of applicability.
The Bruun criterion (r) value calculated using model derived P and M values is 17.5 (< 20), which indicates an unstable inlet following Table 3 . This result however implies that the 'unstable inlet' classification when r < 20 in the Bruun stability criteria applies more to locational stability rather than to cross-sectional stability.
The MKL plot (Fig. 16, left) clearly shows the permanently open, southward migrating behaviour of this inlet. The rapid southward migration of the inlet during the SW monsoon and its relatively stationary behaviour during the rest of the year is illustrated by the Δ MKL plot (Fig. 16, right) .
Type 3 -Seasonally/Intermittently open inlet (case study: Maha Oya river)
Satellite images of Maha Oya inlet show that the inlet closes whenever riverflow is small (Fig. 17) . Mostly, the closure occurs outside of the NE monsoon, which should be the case as the Maha Oya catchment derives most of its annual runoff from the NE monsoon.
The PS for Maha Oya inlet reproduces the locationally stable and cross-sectionally unstable inlet behaviour seen in the satellite images (Fig. 18) . The PS, which starts when riverflow is at its lowest, simulates inlet closure within one month. The modelled annual LST is 450,000 m 3 Closure 31 days Fig. 19 . Time evolution of the inlet cross-section (left) and inlet cross-sectional area (right). The vertical arrow on the right hand side plot indicates the time when the inlet completely closes. Table 5 CC impact simulations of the Type 1 inlet: Forcing, associated changes in tidal prism P and annual longshore sediment transport M, and predicted future inlet type (ΔH S : change in wave height; Δθ: change in wave angle; ΔR: change in Riverflow). to the North, which is in agreement with reported values (GTZ, 1994) . The total closure of the inlet is further illustrated by the time evolution of the inlet cross-section and the inlet cross-sectional area shown in Fig. 19 (left and right, respectively) . Empirical relationships such as the A-P relationship and Escoffier curve are not valid for inlets with crosssection areas < 500 m 2 (Byrne et al., 1980; Behrens et al., 2013) , which is the case at Maha Oya inlet, and were therefore not constructed for this case study. The Bruun criterion (r) value calculated using model derived P and M values is 2 (< 20), which also indicates an unstable inlet following Table 3 . This result implies that an r value far lower than Bruun's threshold for unstable conditions (r = 20) is required for an inlet to be cross-sectionally unstable.
In summary, the PS results for all 3 types of inlets agree well with observed morphological behaviour and empirical relationships of inlet stability (where applicable), providing sufficient confidence in the respective PS models to move forward with the CC impact simulations.
Climate change impact simulations
As outlined in Section 3.6, eight (8) CC impact simulations were undertaken for each system to investigate the impact of CC modified key physical processes (e.g. LST, tidal prism) on inlet stability.
Type 1 -Permanently open, locationally stable inlet (case study: Negombo lagoon)
In this part of the analysis, strategic combinations of CC modified forcing were used to investigate the impact of CC modified key physical processes (e.g. longshore sediment transport, tidal prism, sea level rise) on the stability of the Type 1 inlet. The combinations of CC forcing adopted (in simulations C8-C15), associated changes in tidal prism (P), annual longshore sediment transport (M), and SLR are shown in Table 5 . The r values calculated for this set of simulations are shown in Fig. 20 .
Under all CC forcing conditions, r remains (at or) above 50, implying that the inlet will remain locationally and cross-sectionally stable in future under these forcing conditions. Thus, the inlet will remain as a Type 1 inlet regardless of CC driven variations in the governing physical processes, which is reflected in the last column of Table 5 . However, the 'level' of stability decreases significantly (to around r = 50; from 'good' to 'fair to poor' in Table 3 ) when M increases (C8 and C9), and moderately (to around r = 100; from 'good' to 'fair') when the increase in M is accompanied by SLR (C10 and C11). As such, Type 1 inlets appear to span the 3 stability classes 'fair to poor', 'fair, 'and 'good' in the Bruun stability criteria. When all other forcing stays the same, SLR generally shows a tendency to increase the stability level of Type 1 inlets (e.g. C10 vs C8; C11 vs C9; C14 vs C12; C15 vs C13) . This is because with SLR the inlet channel becomes deeper, resulting in less tidal attenuation and thus an increased tidal prism. CC Table 6 CC impact simulations of the Type 2 inlet: Forcing, associated changes in tidal prism P and annual longshore sediment transport M, and predicted future inlet type (ΔH S : change in wave height; Δθ: change in wave angle; ΔR: change in Riverflow). driven changes in riverflow do not appear to have any significant impact on the r value (e.g. C8 vs C9; C10 vs C11). A separate set of 7 simulations, in which the CC forcings shown in Table 5 were implemented one by one in order to assess the relative contributions of individual CC forcings (e.g. SLR, increase in wave height, decrease in wave direction, increase in riverflow etc.) on inlet stability, indicated that CC driven variations in wave direction were by far the main contributor to future changes in the stability of Type 1 inlets (not shown).
Type 2 -Permanently open, alongshore migrating inlet (case study: Kalutara lagoon)
The model predicted impacts of CC driven variations in physical processes on the stability of the Type 2 inlet are shown in Table 6 and Fig. 21 , indicating that when M decreases, regardless of SLR and riverflow effects, the inlet will change type to a locationally and crosssectionally stable Type 1 inlet (C12-C15, where M decreases due to the 10°anti-clockwise rotation of wave direction and the 8% decrease in wave height). The r values in these 4 cases increase by up to~100 relative to the PS (r = 17.5), thus shifting the inlet by up to 3 stability classes in Bruun's stability criteria (i.e. from 'unstable' to 'fair to poor' or 'fair'). The time evolution of modelled bed levels in C12 and C15 are shown in Fig. 22 . SLR does not appear to have a noticeable impact on the stability of Type 2 inlets. The corresponding simulations in which CC driven variations in individual forcings were implemented also indicated that future changes in Type 2 inlet stability is governed by CC driven variations in wave direction (not shown).
In all situations where the inlet remains a Type 2 inlet, r values stay in the range 5-20, implying a discrete sub-category (permanently open and alongshore migrating inlet) not explicitly described by the Bruun stability criteria.
Inlet migration distance increases by~100% (~500 m/year) in simulations C8-C11 where M increases due to the 10°clockwise rotation of wave direction and the 8% increase in wave height (Fig. 23) . Conversely, when M decreases in C12-C15 relative to the PS, annual inlet migration decreases by~100% (~500 m). Table 7 CC impact simulations of the Type 3 inlet: Forcing, associated changes in tidal prism P and annual longshore sediment transport M, and predicted future inlet type (ΔH S : change in wave height; Δθ: change in wave angle; ΔR: change in Riverflow). Inlet stability analysis of the simulations with CC driven variations in physical processes shows that the Type 3 inlet will remain as such in future (Table 7) , with r never exceeding 10 (Fig. 24) . Thus, the inlet always remains in the 'unstable' class of Bruun's inlet stability criteria. These results imply that for inlet closure, r < 10 is a necessary condition.
When CC forcing results in a decreased M, the time till inlet closure increases by up to 200% (C12-C15) (Fig. 25) . The time till inlet closure is highest when P increases while M decreases (C12). Comparison of the results of C10 and C11 with those of C8 and C9, respectively, indicates that when CC results in an increased M, SLR could promote faster inlet closure (up to 50% faster relative to the PS). Here too, the corresponding simulations in which CC driven variations in individual forcings were implemented indicated that future changes in Type 3 inlet stability is governed by CC driven variations in wave direction (not shown).
Conclusions
A snap-shot simulation approach using a process based coastal area morphodynamic model has been applied to qualitatively assess CC impacts on the stability of Small Tidal Inlets (STIs). The modelling approach, which is intended specifically for data poor environments, was applied to three case study sites representing the main types of STIs: locationally and cross-sectionally stable inlets (Type 1, Negombo lagoon, Sri Lanka -permanently open, fixed in location); cross-sectionally stable, locationally unstable inlets (Type 2, Kalutara lagoon, Sri Lanka -permanently open, alongshore migrating); and locationally stable, cross-sectionally unstable inlets (Type 3, Maha Oya river, Sri Lanka -intermittently open, fixed in location).
Schematized bathymetries that closely follow the key dimensions of the inlet systems were developed using available data, information and local knowledge and used in all model simulations which were undertaken with Delft3D. Morphodynamic model validation simulations were undertaken using monthly averaged wave and riverflow time series constructed using available sparse data and reported values. In all 3 cases, successful model validation was achieved by comparing model results with available satellite images, and where appropriate, with empirical relationships such as the A-P relationship, Escoffier curve, and the Bruun inlet stability criteria.
The validated models were then used in simulations with CC modified forcing to investigate the impact of CC driven variations in key physical processes (i.e. SLR, ebb tidal prism (including riverflow effects), and annual longshore sediment transport) on STI stability. Worst case estimates of SLR and CC modified wave/riverflow conditions were obtained from freely available, coarse resolution published data and used to force the CC impact model simulations. As the 3 selected case study sites are broadly representative of STIs (per STI Type) worldwide (e.g. similar dimensions, P/M ratios), while there will be exceptions, the following general conclusions can be drawn from the model results presented herein:
• Type 1 and Type 3 inlets will not change Type even under the most extreme CC forcing considered here. Type 2 inlets may change into Type 1 when CC results in a reduction in annual longshore sediment transport, due mainly to CC driven variations in wave direction, and to a lesser degree in wave height.
• Apart from Type changes, CC driven variations in system forcing and physical processes will affect the level of inlet stability and some key behavioural characteristics. In general, CC driven variations in annual longshore sediment transport rates appear to be more relevant for future changes in inlet behaviour, rather than SLR as commonly believed.
• For Type 1 inlets, the Bruun Stability criterion r always remained > 50 (i.e. stable). The level of stability of Type 1 inlets could decrease significantly (by up to two stability classes in the Bruun inlet stability criterion; from 'good' to 'fair to poor'), due to CC driven increases in annual longshore sediment transport rate.
• For Type 2 inlets, CC driven increases/decreases in annual longshore sediment transport volume can increase/decrease inlet migration distance by~100%. The r value in all Type 2 simulations (excepting when the inlet changed to Type 1) remained between 5 and 20 (i.e. unstable).
• For Type 3 inlets, the r value remained below 10 (i.e. unstable) in all situations simulated, implying that r < 10 is a necessary condition for inlet closure. The time till closure of these inlets may increase by up to 200% when CC results in a concurrent decrease in annual longshore sediment transport rate and an increase in ebb tidal prism. When annual longshore sediment transport rate increases due to CC, SLR could decrease the time till inlet closure by up to 50% compared to present conditions.
• Based on the results of the model simulations described above in detail, and a number of additional simulations in which P and M were varied through strategic variations in basin (lagoon) surface area and wave direction, inlet Types can be linked with the Bruun stability criteria to develop a more descriptive inlet classification scheme as shown in Table 8 .
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